Lactococcus lactis is a lactic acid bacterium that is used as a starter culture in the dairy industry. L. lactis has a rather simple and well-characterized metabolism and converts sugars mainly into lactic acid. In recent years L. lactis has also been evaluated as organism for production of industrial lactic acid (23, 38) and has been subjected to metabolic engineering to reroute its metabolism towards novel products (13, 18, 22, 25, 26) . To take full advantage of bacterial processes, it is very important to understand which intracellular and extracellular factors influence the metabolic rate and product formation. L. lactis is an attractive model organism for studies of glycolysis and pyruvate metabolism, since oxidative phosphorylation normally does not occur and more than 90% of the carbon source is recovered as fermentation by-products, mainly lactate. In glycolysis glyceraldehyde-3-phosphate dehydrogenase (GAPDH) converts NAD ϩ to NADH, which must be regenerated for continued carbon catabolism. Lactate dehydrogenase (LDH) regenerates NAD ϩ by converting the end product of glycolysis, pyruvate, to lactate. An alternative way for lactococci to regenerate NAD ϩ is by production of ethanol by alcohol dehydrogenase (ADH), which is part of the pyruvate formate-lyase (PFL) pathway. The PFL pathway is active under anaerobic conditions and produces formate, acetate, and ethanol. The first enzyme in the pathway, PFL, converts pyruvate to formate and acetyl coenzyme A, which is further metabolized to either ethanol or acetate. PFL is inactive in the presence of oxygen and at a low pH (24, 35) . With an active PFL pathway, three molecules of ATP are conserved per hexose molecule catabolized, compared with the two ATP molecules conserved per hexose molecule when LDH is used. The extra ATP comes from the production of acetate, which is catalyzed by acetate kinase. Since no NAD ϩ is regenerated in the acetate formation pathway, one ethanol molecule must be formed for every acetate molecule to regenerate two NAD ϩ molecules and maintain the redox balance. It is important to note that LDH under anaerobic conditions competes with two enzymes for its substrates; it competes with PFL for pyruvate and with ADH for NADH.
The shift from mixed acid to homolactic fermentation has been ascribed to the level of PFL (33, 34) , as well as inhibition of PFL by glyceraldehyde 3-phosphate and dihydroxyacetone phosphate (16, 33, 34, 50) . These intracellular metabolites accumulate together with fructose 1,6-bisphosphate (FBP) during high glycolytic flux (16) . It has also been proposed that FBP and orthophosphate (P i ) have controlling effects on LDH and particularly on pyruvate kinase (10, 11) . The concentrations of FBP and P i vary inversely (31, 52) , and FBP activates whereas P i is inhibits. The direct effect of FBP and P i on product formation has been questioned (16) since the intracellular concentrations of FBP in general are sufficient to ensure full activation of LDH (11) . The redox charge and activity of GAPDH have also been put forward as possible regulators of product formation, as well as of glycolytic flux, in L. lactis (14, 16, 41) . This hypothesis has been disproved in other studies in which the enzymatic level of GAPDH has been altered (37, 48) .
L. lactis displays homolactic fermentation when it is grown with excess glucose. However, in glucose-limited chemostat cultures at low dilution rates mixed acid product formation occurs (33, 47, 49) . Similarly, when fermenting sugars that are metabolized slowly, such as galactose and maltose, L. lactis exhibits pronounced mixed acid product formation (47, 50) . The mixed acid product formation with galactose and maltose has been hypothesized to be due to a limitation in the initial metabolism (15, 16) . However, the initial pathways for degradation of galactose and maltose are distinctly different (2, 6, 42, 43) , making it difficult to suggest where there is a putative limitation. In the initial metabolism of maltose, ␤-phosphoglucomutase (␤-PGM) has a crucial role. Glucose 1-phosphate, derived from cleavage of maltose, is converted by ␤-PGM into glucose 6-phosphate, which is further metabolized during glycolysis. Although ␤-PGM is an important enzyme, overproduction of ␤-PGM in L. lactis 65.1 did not change the product formed from maltose (42) .
In maltose-limited chemostat cultures a high degree of mixed acid product formation is observed irrespective of the dilution rate (47) , indicating that maltose always is fermented through mixed acid product formation. However, mixed acid product formation from maltose has been shown to decrease at the end of cultivation when the pH is low (42) , which can be attributed to inhibition of PFL at low pH (24) . Galactosefermenting L. lactis NCDO 2118 was recently shown to produce less mixed acids when the growth rate in batch mode was limited by means of a defined medium with a low concentration of amino acids (17) . In a recent study it was shown that growing and resting cells of L. lactis on maltose had different types and rates of product formation, although the proteome was highly conserved (40) . In the present study we characterized the effect of the growth rate on product formation and quantified intracellular metabolites in growing cells versus resting cells. The difference between low metabolic flux and energy limitation was highlighted, and we concluded that only energy limitation per se increased mixed acid product formation. The relationship between large pools of ADP and ATP and the metabolic activity of resting cells is discussed below.
MATERIALS AND METHODS
Organisms and culture media. (55) , in which 5 g of tryptone (Merck, Darmstadt, Germany) per liter replaced 5 g of Casamino Acids per liter as the nitrogen source. Tryptone, which consists of peptone from pancreatically digested casein, was found in an initial study to improve the growth of strain L. lactis 65.1 because of the presence of oligopeptides. Maltose or glucose was added to the SD3 medium at a level of 10 g/liter unless indicated otherwise. Maltose, glucose, and MgSO 4 ⅐ 7H 2 O were autoclaved separately. Solutions of nucleic acid bases, trace elements, and vitamins were filter sterilized. In resting cell experiments the following nitrogen sources were omitted from the SD3 medium: tryptone, uracil, adenine, guanine, and yeast nitrogen base. In the experiments in which intracellular P i was quantified, the concentrations of KH 2 PO 4 and K 2 HPO 4 were decreased to 0.25 g/liter and the concentration of yeast nitrogen base was decreased to 1.6 g/liter to reduce the background values for P i .
Cultivation conditions. Fermentation was performed at 30°C in a fermentor (Applikon, Schiedam, The Netherlands) with a working volume of 1 liter. The agitation speed was 200 rpm, and the pH was controlled at pH 6.5 by automatic addition of sodium hydroxide (3 M). The headspace was continuously flushed with nitrogen gas (0.1 liter/min). The inoculum was grown overnight, harvested in the early stationary phase by centrifugation (6,300 ϫ g, 10 min), and resuspended in SD3 medium. The inoculum size was about 5% (vol/vol). The cultures for the resting cell experiments were inoculated with cells from exponentially growing cultures that had been washed once in SD3 medium without nitrogen sources (see above).
Measurement of growth, sugars, and products. Samples taken from the fermentor were used to monitor cell growth, sugar consumption, and product formation. Cell growth was measured by measuring the optical density at 620 nm (U1100; Hitachi, Tokyo, Japan). Cells were removed from the samples by centrifugation and membrane filtration (pore size, 0.2 m), and the filtrates were assayed for substrates and products. Maltose, lactate, formate, acetate, and ethanol contents were determined with a high-performance liquid chromatography system. The compounds were separated on an Aminex HPX-87H column (Bio-Rad, Hercules, Calif.) at 45°C and were detected with a refractometer (RID-6A; Shimadzu, Kyoto, Japan). The mobile phase was 5 mM sulfuric acid, and the flow rate was 0.6 ml/min. Standards were injected separately before the samples. Quantification was performed by computer integration (Gilson UniPoint) of the area under each chromatographic peak. The percentage of lactate was calculated as follows: 100 ϫ (grams of lactate)/(grams of lactate ϩ grams of formate ϩ grams of acetate ϩ grams of ethanol)
(1)
Measurement of intracellular metabolites and dry weight. Cell samples (2 ml) used for determination of intracellular metabolite concentrations were collected on 0.2-m-pore-size filters (Gelman Sciences, Ann Arbor, Mich.), which were immediately frozen in liquid nitrogen and stored in a freezer at Ϫ80°C until they were analyzed. Before analysis of FBP and P i the frozen cells were disrupted by addition of 0.6 M perchloric acid, incubated for 10 min with vigorous vortexing, and neutralized with 3 M sodium hydroxide. Before analysis of ADP and ATP the frozen cells were disrupted by 5 min of treatment at 100°C with periodic vigorous vortexing. For each metabolite three independent filters per cultivation were prepared, and the extraction liquid from each filter was analyzed at least in duplicate.
FBP was quantified enzymatically by using a filter fluorometer (TD-700 laboratory fluorometer; Turner Design, Sunnyvale, Calif.) equipped with a 300-to 400-nm excitation filter and a 410-to 600-nm emission filter. The coupled assay, adapted from the assay described by Bergmeyer (5), was carried out in 0.5 M triethanolamine (TEA) buffer (pH 7.2) containing 15 mM MgSO 4 and 4 mM EDTA by measuring the consumption of NADH by glycerophosphate dehydrogenase. The sample extraction liquid was added to a reaction mixture containing 10 M NADH, triose phosphate isomerase (5 U), and glycerophosphate dehydrogenase (5 U) in TEA buffer. FBP aldolase was then added, and the measured difference in fluorescence was recorded. FBP standards were used to prepare a standard curve. P i was quantified spectrophotometrically at 660 nm as described previously (21) . An ammonium molybdate-malachite green mixture develops a color in the presence of P i . P i standards were prepared in 0.01 M perchloric acid. Growth medium was applied to filters to obtain a background value for the extracellular P i concentration.
The ATP concentrations in sample extraction liquids were measured with a luminometer (1250 luminometer; LKB Wallac, Turku, Finland) by using a luciferase-luciferin assay mixture (Sigma). The sum of the ATP and ADP concentrations was determined after conversion of ADP to ATP by 2 min of incubation in a solution containing TEA (50 mM, pH 7.7), phosphoenolpyruvate (10 M), MgCl 2 (2.5 mM). and pyruvate kinase (2 U). The ADP concentration was calculated by subtracting the ATP concentration from the sum of the ATP and ADP concentrations. Standard curves for ATP, ADP, and mixtures of ATP and ADP corresponded well with each other.
Dry weight, which was proportional to optical density at 620 nm, was determined by collecting 2 ml of cells from fermentation on 0.2-m-pore-size filters (Gelman Sciences). The filters were washed three times with 2 ml of water and subsequently dried in a microwave oven for 8 min at 350 W. Intracellular concentrations were calculated on the basis that 1 g (dry weight) of L. lactis cells was equivalent to 1.67 ml of intracellular fluid (51) .
Enzyme assays. Cells were harvested from late-exponential-phase cultures, washed, and disrupted by using glass beads (55) . Enzymatic analyses were performed with cell extracts at 30°C by monitoring NADH spectrophotometrically at 340 nm. LDH activity was measured by using a protocol adapted from the protocol described by Garrigues et al. (16) in a reaction mixture containing cell extract in a solution containing TEA (100 mM, pH 7.2), NADH (0.4 mM), MgCl 2 5478
PALMFELDT ET AL. APPL. ENVIRON. MICROBIOL.
(5 mM), FBP (10 mM), and pyruvate (10 mM), which was used to initiate the reaction. GAPDH activity was assayed by a method adapted from the method described by Garrigues et al. (16) by using TEA (100 mM, pH 7.2) containing NAD ϩ (5 mM), sodium arsenate (40 mM), and glyceraldehyde 3-phosphate (10 mM). ADH activity was assayed by a method adapted from the method described by Even et al. (15) by using a mixture containing Tris-HCl (100 mM, pH 7.2), NADH (0.4 mM), dithiothreitol (2 mM), and acetaldehyde (10 mM). The compounds were added in order of appearance so that the carbon substrate for the corresponding enzyme was added last to initiate the reaction. Inhibition by ATP and ADP was measured by adding 0 to 32 mM ATP or ADP to the reaction mixtures described above immediately prior to addition of the carbon source. The inhibition kinetics could be described adequately with a generally applicable equation described by Han and Levenspiel (20) :
where r is the enzymatic rate, r max is the enzymatic rate in the absence of inhibitor, C is the concentration of inhibitor (ADP or ATP), C crit is the inhibitor concentration at which the enzyme is totally inhibited, and n is the degree of inhibition. The parameters C crit and n were estimated by fitting a line through the data points by using the least-squares method.
Protein concentrations were determined by the Bradford method with serum albumin as the standard (8) .
RESULTS
Product formation in growing and resting cells of different strains of L. lactis. In previous studies fixed acids have been shown to be formed when lactococci metabolize maltose (24, 42, 47) . To investigate whether formation of mixed acid products from maltose is related to growth, formation of products by four strains of L. lactis was studied during growth in semidefined medium (55) and in resting cell experiments (Table 1) .
Resting cell experiments were performed in medium deficient in a nitrogen source. All four strains produced mixed acids during growth, although each strain produced them to a different extent. L. lactis 65.1 and MG1363 showed more pronounced mixed acid product formation than L. lactis ATCC 19435 and IL-1403. For all strains, homolactic fermentation of maltose occurred when the cells were resting. The formation of mixed acid products from maltose was studied in additional experiments by using L. lactis 65.1, because this strain displayed the most pronounced mixed acid product formation.
Batch fermentation of glucose and maltose. Glucose and maltose were fermented by L. lactis 65.1 in pH-controlled batch mode. With glucose as the carbon source the maximum specific growth rate was 1.1 h Ϫ1 and lactate constituted 90% of the products formed (Table 2) . On maltose the maximum specific growth rate was about one-half that on glucose, and the product formation was shifted to mixed acids, with formate, acetate, and ethanol formed in addition to lactate. The sugar uptake rate (in millimoles of C 6 carbon per gram [dry weight] per hour) was lower during maltose fermentation (Table 2), whereas the biomass yields obtained with the two sugars were quite similar. This indicates that maltose fermentation is kinetically, but not thermodynamically, unfavorable compared with glucose fermentation.
Effect of growth rate. Batch cultures with excess maltose were used to study the product formation in different growth phases (Fig. 1) . In these experiments the nitrogen source was the growth-limiting factor and allowed maltose to be present in the batch even after cessation of growth. In the mid-exponential phase only 10 to 20% of the sugar consumed was converted to lactate. In the late exponential phase mixed acid product formation decreased, while lactate formation increased (Fig.  1) . When growth ceased, due to depletion of the nitrogen source, the residual maltose was converted into lactate. In a fed-batch experiment, in which the culture was fed with mal- FIG. 1 . Maltose consumption and product formation in pH-controlled batch fermentation of L. lactis 65.1. Symbols: s, optical density at 620 nm (OD 620 ); F, maltose concentration; OE, lactate concentration; ᮀ, formate concentration; E, acetate concentration; ‚, ethanol concentration. tose to prolong the stationary phase, the homolactic behavior could be maintained for more than 100 h (data not shown).
Chemostat culture permits comparison of product formation at different growth rates since the dilution rate equals the growth rate. Intermediate growth rates were studied in nitrogen-limited chemostat cultures with maltose as the carbon source, and there was increased lactate formation at lower growth rates (Table 3) . Addition of the antibiotic chloramphenicol at a low concentration (5 mg/ml) was used as an alternative method to decrease the growth rate. In response the percentage of lactate increased. Chloramphenicol (300 mg/ liter) was also used to arrest the growth in a medium that normally supports growth. After growth arrest had set in, lactate constituted 90% of the products (Table 3) . These results indicate that the shift towards homolactic fermentation was due to the decreased growth rate and not to the nitrogen content in the medium.
Effect of maltose concentration. A maltose-limited chemostat culture at a dilution rate 0.1 h Ϫ1 exhibited a distinct mixed acid product formation; only 12% lactate was formed despite the relatively low dilution rate of the culture (data not shown). The residual maltose concentration at steady state was 0.9 g/liter, and a subsequent experiment was conducted to see whether the maltose concentration per se influenced product formation. The product formation by resting cells was assessed at maltose concentrations between 0.8 and 44 g/liter. Only lactate was formed at maltose concentrations above 4 g/liter, whereas at concentrations below 4 g/liter mixed acids were also formed (data not shown), which might have reflected sugar limitation caused by low substrate affinity of the initial maltosemetabolizing pathway.
Product formation in relation to intracellular metabolites. Intracellular concentrations of ADP, ATP, FBP, and P i were quantified in growing and resting cells metabolizing maltose in order to investigate the relationship among growth, the concentration of intracellular metabolites, and product formation. It was found that growing cells had lower concentrations of ADP, ATP, and FBP and higher concentrations of P i than resting cells (Fig. 2) . L. lactis 65.1 is capable of metabolizing arginine and thereby gaining ATP (12) . When arginine (30 mM) was added to a batch culture growing on maltose, the biomass yield from maltose increased 25% and the specific growth rate increased approximately 15% (data not shown).
The intracellular P i concentration was lower when arginine was added; however, lactate formation and the intracellular concentrations of ADP, ATP, and FBP were unchanged (Fig. 2) . The ionophores monensin and valinomycin can be used to increase energy spilling by the cells, since they induce ATPase activity (7) . Addition of monensin (0.5 M) or valinomycin (2 M) resulted in 50% growth inhibition of L. lactis 65.1 growing on maltose. When the same concentrations were used for resting cells, they resulted in increased maltose consumption rates (37% for monensin and 22% for valinomycin) and decreased percentages of lactate and intracellular concentrations of ADP, ATP, and FBP (Fig. 2) .
Activities of GAPDH, LDH, and ADH. ADP and ATP have been found to inhibit dehydrogenases in different organisms (1, 32, 36, 56) . Since L. lactis 65.1 had elevated concentrations of ADP and ATP, we explored the possible impact of ADP and ATP on dehydrogenases relevant for the glycolytic flux. The effects of ADP and ATP on the in vitro activities of GAPDH, LDH, and ADH were assessed (Fig. 3) . The critical concentrations of ADP and ATP at which the activity was totally inhibited were lower for ADH than for GAPDH and LDH. Although Mg 2ϩ is able to bind to the phosphate moiety of adenine nucleotides, it did not relieve the inhibition of LDH by ATP (data not shown), probably because mainly the adenine moiety is responsible for the inhibition (56) . The in vitro activities of the three dehydrogenases were assayed at the concentrations of ADP and ATP that were found to be present in growing and resting cells, respectively, and were compared with the maximal in vitro activities measured in the absence of ADP and ATP. GAPDH, LDH, and ADH were inhibited 28, 39, and 39%, respectively, by the concentrations of ADP and ATP present in growing cells. Under the conditions present in resting cells GAPDH, LDH, and ADH were inhibited 82, 71, and 95%, respectively. Thus, ADH was the enzyme that was most inhibited, and only 5% of the maximal activity was left under resting cell conditions.
In vivo enzymatic activities can be controlled not only by the concentrations of metabolites but also by the concentrations of enzymes. We determined the concentrations of GPDH, LDH, and ADH in growing and resting cells to see whether the levels of the enzymes were changed. The concentrations of the enzymes GAPDH and LDH were constant, and 68% of the ADH enzyme remained even after 3 h of nongrowth (data not shown). This indicates that the dehydrogenase activities in resting cells of L. lactis 65.1 are regulated at the enzyme level.
DISCUSSION
When L. lactis 65.1 was actively growing on maltose, the PFL pathway was the dominant pathway for conversion of NADH and pyruvate, which is in agreement with previous studies (42, 47) . Mixed acid product formation on maltose was shown to be linked to the growth rate, with homolactic fermentation occurring only when the cells were resting. Other lactococcal strains exhibited the same phenomenon but each to a different extent since some strains (e.g., L. lactis IL-1403) produce relatively small amounts of mixed acids (15) . Very recently, a proteomic approach was used to determine the protein concentrations in growing and resting cells of L. lactis 65.1 and IL-1403 (40) . It was shown that the protein levels were almost invariant after 3 h in the resting state, indicating that the observed differences in metabolic rate and product formation were due to regulation at the enzyme level.
The present work on L. lactis 65.1 shows that the concentrations of ADP and ATP are higher in resting cells than in growing cells. Both ADP and ATP inhibit dehydrogenases (1, 32, 36, 56) , and we found that GAPDH, LDH, and especially ADH were inhibited. GAPDH (37) and LDH (54) are subject to product inhibition by NADH and NAD ϩ , respectively (Fig.  4) , and ATP has been shown to be a competitive inhibitor (32, 56) . Thus, to avoid overestimation of the inhibition by ADP and ATP, the in vitro assays were performed under optimal conditions, i.e., in the absence of product and in the presence of saturating concentrations (11, 16) of the ADP and ATP concentrations determined to be present in resting cells. Inhibition of ADH may contribute to the homolactic fermentation behavior of resting cells, since ADH activity is essential for the mixed acid product formation pathway (Fig. 4) . In Bacillus subtilis phosphotransacetylase (EC 2.3.1.8), the enzyme preceding acetate kinase, is inhibited by ADP and ATP (44) . Although the latter finding has not been obtained for lactococci, inhibition of either phosphotransacetylase or ADH or both enzymes could be a way for the cell to block the branches of the mixed acid product formation pathway (Fig. 4) . The homolactic behavior of resting L. lactis 65.1 cells metabolizing maltose was disrupted by addition of the ionophore monensin. When monensin was added, the concentrations of ADP and ATP decreased, the glycolytic flux increased, and mixed acid product formation was initiated. This indicates that homolactic fermentation of maltose was easily disrupted when the ATP demand increased. When monensin was added to Streptococcus bovis metabolizing glucose, the intracellular ATP level decreased, due to increased ATPase activity, and this resulted in an increased glycolytic flux (7) . An increased glycolytic flux was also observed in resting, glucose-metabolizing L. lactis cells when F 1 -ATPase was overproduced (29) . However, in that study no increase in formate formation was observed, possibly because glucose metabolism results in lower levels of the enzymes in the PFL pathway, including PFL (4, 34) , ADH (3, 40) , and phosphotransacetylase (40) .
We found that the intracellular concentrations of FBP and P i were also altered in resting cells of L. lactis 65.1 compared with growing cells. These compounds are known signal molecules (53) and act both as allosteric effectors (Fig. 4) and as substrates and products for various glycolytic enzymes. Both compounds also take part in the regulation of phosphotransferase uptake systems and in catabolite repression (for a review see reference 46). The concentrations of P i and FBP vary inversely (7, 37, 52) , and for decades these compounds have been recognized as effectors of pyruvate kinase and LDH (10, 11) . A recent study showed that the extents of inhibition by P i and activation by FBP of LDH vary in different lactococcal strains commonly used in research (54) . Since P i and FBP apparently compete for the same allosteric site (27) , the inhibition of LDH by P i is most likely overcome by the presence of the high concentrations of FBP found in the present study and other studies (11, 16) .
In the present study we determined the sugar uptake rate and used it as an estimate of the glycolytic flux, which was possible since approximately 90% of the sugar consumed by L. lactis during batch growth ends up as fermentation end products (39) . Low glycolytic flux has commonly been ascribed to be the cause of mixed acid product formation (15, 16, 28, 48) . Indeed, during batch growth on maltose, trehalose, and galactose, the glycolytic fluxes are lower than those during growth on glucose (30, 47, 50) . However, the glycolytic flux governs product formation only when the flux cannot meet the anabolic demand (17) . In response to increased ATP demand the glycolytic flux increases, but if the latter is restricted, mixed acid product formation occurs, and three ATP molecules per hexose sugar molecule metabolized is recovered, compared with two ATP molecules per hexose sugar molecule under homolactic conditions. In the present study homolactic maltose fermentation was achieved only with resting cells, in which the demand for ATP was low.
Regulation of glycolytic flux in Lactococcus is still not completely understood. When GAPDH was inhibited by iodoacetate in L. lactis ML3 and NCDO 2118, the glycolytic flux was shown to be controlled to a great extent by GAPDH (14, 41) . In contrast, GAPDH of L. lactis MG1363 was shown to control the flux only when the enzyme level was less than 25% of the wild-type level (48) . When the expression levels of phosphofructokinase, pyruvate kinase, and LDH were modulated individually in L. lactis MG 1363, none of these enzymes was found to limit the glycolytic flux, and it was therefore concluded that the control most likely is distributed over several steps (28) . The levels of glycolytic enzymes have been shown to be highly conserved when the cells go from the growing state to the resting state (40) tween enzyme concentration and enzyme activity indicates that the glycolytic flux in lactococci is controlled by metabolites. Experiments with resting cells in which ATPase activity has been elevated (29) or an ionophore has been added (this study) indicate that ADP and ATP are involved in the regulation. Thus, we propose a regulation mechanism governed by the cellular quantity of ADP plus ATP, by which resting L. lactis cells can slow the glycolytic flux down. ADP and ATP play central roles in the metabolic network and influence several steps of glycolysis, since they are substrates and products of kinases and inhibitors of dehydrogenases. The main function of ATP is as a free-energy donor to drive, e.g., transport and biosynthesis of molecules, and ATP is continuously regenerated from ADP by substrate level phosphorylation. ATP is invested in the upper part of the glycolysis pathway to generate a surplus in the lower part. In addition to this, both nucleotides are also used as precursors in the synthesis of DNA and RNA, which constitute approximately 3 and 8% of the dry weight of L. lactis cells, respectively (39) . The intracellular concentrations of ADP and ATP in growing cells are tightly controlled at levels optimal for the cellular reactions (homeostatic control). In the present study arginine was added to growing L. lactis 65.1 cells as an extra source of ATP, which increased the growth rate and biomass yield (in grams [dry weight] per gram of maltose). Arginine metabolism did not change the concentrations of ADP and ATP, however, which reflects the ability of growing cells to maintain homeostasis. Major changes in the environmental conditions, such as amino acid starvation, put constraints on the cells and force them from the normal growth state. Without amino acids lactococci cannot proliferate; hence, ADP and ATP are required neither as anabolic precursors nor for excessive ATP-requiring processes, such as protein synthesis (45) . Amino acid starvation may thus easily result in elevated levels of both ADP and ATP in the cells, as observed in resting cells (Fig. 2) . In the present study the enzymatic levels of GAPDH and LDH remained constant, even when the glycolytic flux was approximately three times lower. The in vivo GAPDH and LDH activities, however, were estimated to be decreased four-and twofold, respectively, due to inhibition of ADP and ATP. The two dehydrogenases have reciprocal actions; NAD ϩ is a substrate of GAPDH, while it is a product of LDH. Since both dehydrogenases were inhibited, they may together be responsible for the lower glycolytic flux in resting cells than in growing cells, which has been observed during metabolism of maltose (this study) and glucose (29, 48, 49) .
